Introduction {#sec1-1}
============

Sub-health was defined as a kind of intermediate state between health and disease. The symptoms of sub-health are mainly fatigue, insomnia, increased incidence of infections and decreased immunity ([@ref1]). Sub-health has become today's invisible killer for human health; therefore, there is an increasing need for scientifically validated therapies that can effectively and simply treat sub-health symptoms. The prevention and cure for sub-health are the common concern among traditional Chinese and western medicine ([@ref2]). In this study, the sub-health mice were built by compound factors including swimming exercise, sleep deprivation and clamp tail stimulus to mimic the cause and symptoms of sub-health.

*Lycium barbarum* has been widely used to promote health and longevity in China. *L. barbarum* polysaccharide (LBP), the major active ingredient extracted from *L. barbarum*, has been found bioactivities such as enhancing the body's immune capacity and lowering blood glucose ([@ref3], [@ref4]). We had previously shown that LBP was heteropolysaccharide and contained different carbohydrate compositions ([@ref5]). However, so far little is known about the effects of LBP on sub-health mice. Fatigue is one of the principal manifestations and symptoms of sub-health, and that, recent evidence suggests that oxidative stress and immune alterations are important in sub-health ([@ref6], [@ref7]). Based on this framework, we investigated the effects of LBP on antioxidant, immunity, and fatigue in sub-health mice and relevant mechanisms. The experimental results may provide comprehensive, scientific evidence for LBP as a suitable dietary natural agent for sub-health improvement.

Materials and Methods {#sec1-2}
=====================

The fruits of *L. barbarum* were collected in the Ningxia Hui Autonomous Region, which was the Well-known production area of *L. barbarum* in China, and were authenticated at the agricultural college of Northwest A&F University. A specimen (NO.20110609) was deposited in the herbarium of the Botany Department. Superoxide dismutase (T-SOD), catalase (CAT), malondialdehyde (MDA), serum urea nitrogen and hepatic glycogen kits were purchased from Nanjing Jiancheng Biotechnology Company. MTT and concanavalin A (ConA) were from Sigma Company. Hematoxylin and eosin (H&E) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). All other reagents and chemicals were of the highest purity grade available.

Preparation of polysaccharide (LBP) from Lycium barbarum {#sec2-1}
--------------------------------------------------------

Isolation, purification and identification of LBP were based on our previous published work ([@ref8]). Briefly, the dried fruit samples were refluxed three times to remove lipids with chloroform: methanol solvent (2:1) (v/v). After filtering, the residues were air-dried and then refluxed again with 80% ethanol. The residues were extracted three times in hot water (90 °C) and filtered. The combined filtrate was precipitated with 95% ethanol, 100% ethanol and acetone, respectively. After filtering and centrifuging, the precipitate was collected and vacuum-dried, giving crude polysaccharides (yield was 3.25 %±0.14%, and the purity of LBP was 95.8 %±2.0%). The crude polysaccharides obtained were then passed through a DEAE cellulose column (OH^-^, ø25 mm×350 mm) and were further purified by Sephadex G-100 column (ø26 mm×400 mm). LBP was identified to be a homogeneous polysaccharide component, which showed a single symmetrical peak following Sephadex G-100 gel chromatography. The molecular weight (MW) of LBP was 33,867 Da, and retention time was 8.257 min by HPLC. In addition, the monosaccharide composition of LBP was analyzed by paper chromatography and revealed the presence of six spots, corresponding to galactose, glucose, rhamnose, arabinose, mannose, and xylose respectively. According to the IR spectrum, the purified LBP displayed a broadly stretched, intense peak at 3,428 cm^-1^ characteristic of hydroxyl group and a weak C-H peak at around 2,915 cm^-1^. The relatively strong absorption peak at around 1,710 cm^-1^ indicated the carbonyl group. The absorbance of polysaccharides in the range 1,000 to 1,200 cm^-1^ was the C-O-C and C-O-H link band positions. LBP were protein-bound polysaccharides. The backbone of sugar residues chain in LBP contained 1→6 indican bond according to periodate oxidation, and the results of β-elimination reaction indicated that the chain of polysaccharides and protein were connected by O-linked chemical bond ([@ref8]).

Preparation of sub-health model and treatments {#sec2-2}
----------------------------------------------

Forty male Kun-ming mice (initial body weight, 18-22g; 4 weeks old) were obtained from medical sciences laboratory animal center of Changchun University. They were housed in an animal room at 22±2 °C and 50±10% relative humidity and had free access to laboratory chow and tap water. The mice were adapted to an inverse 12:12-hr light-dark cycle. The animals were treated according to the National Institute of Health Guide for the Care and Use of Laboratory Animals, and further approval for their experimentation was obtained from the Animal Ethics Committee of the university.

Ten mice were randomly selected as normal control group, and the rest were used for preparing sub-health model. Model mice were built through mimicking the factors of fatigue-type sub-health ([@ref9], [@ref10]). In brief, the mice were placed in a swimming pool with the diameter of 70 cm and depth of 30 cm, keeping the water temperature at 25 °C. The mice were forced to swim for 50 min at 8 a.m. and 4 p.m. every day. The mice were deprived of sleep at the rest of the time until 8 p.m. Since the third week, the mice were put in tubes for 4 hr a day, for a total of 7 day. Since the fourth week, the mice were clamped tail using hemostatic forceps wrapped gauze at the cutting-edge. The degree of fatigue in mice was assessed by exhaustive swimming experiments (25 °C water temperature; 7% with lead weights on tail; swimming exhaustion standard: mice nasal tip sank underwater for l0 sec). Sub-health mice were randomly assigned to three groups of ten mice each: model group, low dose group (50 mg·kg^-1^) and high dose group (100 mg·kg^-1^) (the doses were chosen according to our previous study). Mice were treated by intragastric administration with LBP dissolved in normal saline, and model group mice received normal saline for 4 weeks.

Determination of antioxidant ability {#sec2-3}
------------------------------------

After the last treatment of LBP for 24 hr, the blood of the mice in all the groups from eyeball was obtained under anesthesia with ether. The blood was let stand at 37 °C for 1 hr, and 4 °C overnight. The upper serum was taken after centrifuge at 4000 rpm for 10 min, and the activities of T-SOD, CAT and the level of MDA were measured using commercial kit. The manipulation was progressed strictly according to the kit instruction manual.

Determination of immune function {#sec2-4}
--------------------------------

*Effect of LBP on spleen and thymus gland index* After the last treatment of LBP for 24 hr, all mice in the groups were executed, and then the thymus and spleen tissue were gathered quickly under aseptic conditions for weighing. The thymus gland and spleen index (mg·10 g^-1^) was calculated as follows: thymus glands (spleen) weight/body weight×10.

Spleen lymphocyte transformation test of mice induced ConA {#sec2-5}
----------------------------------------------------------

Spleens were harvested from all mice groups under sterile conditions and mechanically homogenized into suspensions followed by treatment with an erythrocyte lysis buffer. Cell suspensions were adjusted to 3×10^6^ cells/ml after the cells were washed with Hank 's liquid and suspended once again with 1640 completely culture. Each spleen cell suspensions were divided into two holes and added in 24 hole \[AGA1\]culture plate with 1 ml per hole. 75 μl ConA was added in one hole and another hole acted as control. Four hours before the end of incubation in the incubator (37 °C, 5% CO~2~), 0.7 ml the supernatant of each hole was obtained and 0.7 ml RPMI 1640 culture was added. At the same time, 50 μl MTT was added (5 mg·ml ^-1^) and continued to culture for 4 hr. At the end of culture, 1 ml isopropyl alcohol \[AGA2\]was added in each hole and shaken to uniformity for making purple crystal dissolve completely. And then the culture was divided into 96 - well culture plate, and three parallel holes were set for each hole \[AGA3\](75 μl/hole). The optical density (OD) values were measured at 570 nm. The results were indicated using Stimulation Index (SI) ([@ref11]).

SI = stimulation hole (ConA) OD value/control hole OD value.

Determination of thymus tissue structure {#sec2-6}
----------------------------------------

The harvested thymus of all groups were fixed overnight in 4% formalin at 4 °C, embedded in paraffin and cut into 4 μm sections. The sections were stained with H&E staining method, and histological examinations were carried out by light microscopy.

Apoptosis detection of thymus tissue by TUNEL staining {#sec2-7}
------------------------------------------------------

The thymus tissues from the experimental mice were examined by TUNEL assay to detect 3′ free hydroxyl ends (3-OH) of DNA strands created by nucleases in apoptotic cells. Sections of thymus tissues were dewaxed and rehydrated according to standard protocols and treated for 20 min with Proteinase K (20 μg·ml^-1^ in phosphate-buffered saline (PBS)). After rinsing with PBS for twice, TUNEL reaction mixture was added on each sample, and incubated for 60 min at 37 °C in a humidified atmosphere in the dark, then slide rinsed three times with PBS, and finally the samples were observed under a fluorescence microscope. The cells whose nucleus turned distinct green were considered as positive (apoptotic) cells.

Determination of anti-fatigue activity Weight loading swimming test {#sec2-8}
-------------------------------------------------------------------

After the last treatment of LBP for 30 min, the mice (5% with lead weights on tail) were placed in a swimming pool with the diameter of 70 cm and depth of 30 cm, keeping the water temperature at 25 °C. The time was recorded since mice nasal tip sank underwater for l0 sec.

Measurement of serum urea nitrogen {#sec2-9}
----------------------------------

After the last treatment of LBP for 30 min, the mice (0% with lead weights on tail) were placed in the swimming pool keeping the water temperature at 25 °C for 30 min. After resting for 15 min, eyeball blood was taken, and centrifuged to obtain serum. The content of serum urea nitrogen was tested using serum urea nitrogen Test kits.

Measurement of hepatic glycogen {#sec2-10}
-------------------------------

After the last treatment of LBP for 30 min, the mice were executed immediately, and the livers were obtained. Taking 100 mg liver, the liver glycogen was measured using commercial kit.

Statistical analysis {#sec2-11}
--------------------

All the results were expressed as the mean±SD *P*-values of less than 0.05 were considered to be significant. Statistical analysis was performed by one-way analysis of variance (ANOVA). All the grouped data were statistically evaluated with SPSS 13.0 software. Statistical significance of differences between two groups was determined using the student's *t*-test.

Results {#sec1-3}
=======

Evaluation of sub-health mice model {#sec2-12}
-----------------------------------

Compared with normal control group mice, sub-health mice were irritable and biting each other. After two weeks, the model mice showed mental burnout, fur loss and missing luster\[a4\]. As showed in [Table 1](#T1){ref-type="table"}, compared with the normal control, the model mice had weight loss, and decreased independent activity and the times of avoiding electric shock stimulation were significantly decreased. Furthermore, the accumulative total immobile time of the mice tail suspension within 5 min was prolonged, but the weight loading swimming exhaustion time was shorten. The above results were consistent with basic features of sub-health.

###### 

Behavior evaluation of sub-health mice model (Mean±S.D.)

  Groups           n    Body weight (g)                              Autonomic activity times (x)            Escaping darkness times(x)                    Accumulative immobile time within 5 min (second)   Exhaustion time (min)
  ---------------- ---- -------------------------------------------- --------------------------------------- --------------------------------------------- -------------------------------------------------- --------------------------------------------
  Normal Control   10   28.47±2.16                                   125±11                                  2.3±0.32                                      19.10±5.18                                         27.31±8.32
  Model            40   19.35±2.02[\*](#t1f1){ref-type="table-fn"}   93±17[\*](#t1f1){ref-type="table-fn"}   1.09±0.21[\*\*](#t1f2){ref-type="table-fn"}   65.62±8.32[\*](#t1f1){ref-type="table-fn"}         14.55±5.62[\*](#t1f1){ref-type="table-fn"}

Compared with control.

*P*\<0.05.

*P*\<0.01.

Effects of LBP on the activities of T-SOD, CAT and the level of MDA in sub-health mice {#sec2-13}
--------------------------------------------------------------------------------------

To investigate whether LBP exhibited improved effects on sub-health mice, we first examined if LBP had antioxidant activity. Compared with control group, the activities of T-SOD and CAT in model group were significantly decreased, while the level of MDA was significantly increased (*P*\<0.01). As showed in [Figure 1](#F1){ref-type="fig"}, compared with the model group, the activities of T-SOD and CAT in high dose group were increased significantly (*P*\<0.01) after LBP treatment for 4 weeks, whereas the content of MDA was decreased significantly (*P*\<0.05).

![Effect of *Lycium bararum* polysaccharide (LBP) on activities of superoxide dismutase (T-SOD), catalase (CAT) and level of malondialdehyde (MDA) in serum of sub-health and control mice. Compared with control, ^▲^*P*\<0.05 ^▲▲^*P*\<0.01 Compared with model, ^☆^*P*\<0.05 ^☆☆^*P*\<0.01. The dose in LBP (L) treated group is 50 mg•kg-1, and the dose in LBP (H) treated group is 100 mg.kg-1](IJBMS-18-1245-g001){#F1}

Effects of LBP on the immune function in sub-health mice {#sec2-14}
--------------------------------------------------------

To investigate whether LBP exhibited improved effects on sub-health mice, we examined if LBP could enhance immune function. As showed in [Table 2](#T2){ref-type="table"}, the thymus index, spleen index and spleen lymphocyte transformation ability in model group were significantly lower than that in the control group. Compared with model group, the thymus index and spleen index in the high dose group of LBP were higher (*P*\<0.05), and the spleen lymphocyte transformation ability was increased. These results indicated that LBP treatment could improve cellular immunity in sub-health mice.

###### 

Effect of *Lycium bararum* polysaccharide (LBP) on immunity in sub-health mice (±SD, n=10)

  Groups                Thymus index (mg·10g^-1^)                      Spleen index (mg·10g^-1^)                      Proliferation OD difference
  --------------------- ---------------------------------------------- ---------------------------------------------- -----------------------------------------------
  Control               18.12±2.31                                     60.45±9.67                                     0.363±0.048
  Model                 12.97±1.85^[▲▲](#t2f1){ref-type="table-fn"}^   49.34±8.71^[▲▲](#t2f1){ref-type="table-fn"}^   0.182±0.052^[▲▲](#t2f1){ref-type="table-fn"}^
  LBP (50 mg·kg^-1^)    12.32±1.35^[▲▲](#t2f1){ref-type="table-fn"}^   50.89±6.62^[▲▲](#t2f1){ref-type="table-fn"}^   0.193±0.035^[▲▲](#t2f1){ref-type="table-fn"}^
  LBP (100 mg·kg^-1^)   17.04±3.27[\*](#t2f2){ref-type="table-fn"}     58.78±9.25[\*](#t2f2){ref-type="table-fn"}     0.357±0.048[\*](#t2f2){ref-type="table-fn"}

Compared with control, ▲*P*\<0.05.

*P*\<0.01.

Compared with model.

*P*\<0.05.

LBP protected the thymus against sub-health mice {#sec2-15}
------------------------------------------------

As showed in [Figure 2](#F2){ref-type="fig"}, histological sections of the thymus revealed extensive melioration in LBP(H) group mice compared with model group mice. In the model group, the disruption of thymic architecture could be observed both in the generalized tissue as well as in the medullary region. Disruption of the medullary region could be vital for T cell development, as it is the principle region where mature thymocytes survive and accumulate. However, this damage was meliorated considerably by the LBP(H) treatment, and the thymus could allow a more stable environment for T cell development.

![Effect of *Lycium bararum* polysaccharide (LBP) on thymus structure of sub-health mice (amplificatory rate, 40×10). (A) microstructure of thymus tissue of control group; (B) microstructure of thymus tissue of sub-health group; (C) microstructure of thymus tissue of LBP (L) treated group; (D) microstructure of thymus tissue of LBP (H) treated group. The dose in LBP (L) treated group is 50 mg•kg-1, and the dose in LBP (H) treated group is 100 mg•kg-1](IJBMS-18-1245-g002){#F2}

![Effect of *Lycium bararum* polysaccharide (LBP) on apoptosis number of thymus cells in sub-health mice (amplificatory rate, 10×10). (A) TUNEL staining of thymus tissue of control group; (B) TUNEL staining of thymus tissue of sub-health group; (C) TUNEL staining of thymus tissue of LBP (L) treated group; (D)TUNEL staining of thymus tissue of LBP (H) treated group. The dose in LBP (L) treated group is 50 mg•kg-1, and the dose in LBP (H) treated group is 100 mg•kg-1](IJBMS-18-1245-g003){#F3}

LBP induced thymus lymphocyte survival {#sec2-16}
--------------------------------------

To assess the protective role of LBP against thymocytes apoptosis in sub-health mice, we examined the spontaneous apoptosis rate in the thymus tissue of different groups with TUNEL staining. The thymus sections of sub-health group showed that a large number of cells underwent apoptosis, and sections of thymus in LBP(H) treated mice had a significant decrease in the number of positive cells with TUNEL staining([Figure 3](#F3){ref-type="fig"}). So, LBP could protect thymus tissue by inhibiting apoptosis of thymus lymphocytes.

Effects of LBP on the anti-fatigue function in sub-health mice {#sec2-17}
--------------------------------------------------------------

Fatigue is one of the main manifestations of sub-health. To further demonstrate the effects of LBP on sub-health, we examined if LBP could relieve fatigue. As showed in [Table 3](#T3){ref-type="table"}, the weight loading swimming time and the content of hepatic glycogen in model group were significantly lower than that in control group, but the content of serum urea nitrogen was significantly higher than that of control group. Compared with model group, the weight loading swimming time in LBP high dose group had significant difference (*P*\<0.01). The values of urea nitrogen in LBP high dose group were significantly decreased, but the content of hepatic glycogen was significantly increased compared to that in the model group (*P*\<0.05). These results indicated that LBP treatment could extend the weight loading swimming time, and reduce the content of serum urea nitrogen in sub-health mice.

###### 

Effect of *Lycium bararum* polysaccharide (LBP) on swimming time of weight loading and serum urea nitrogen and liver glycogen in sub-health and control mice (Mean±SD, n=10)

  Groups                Swimming time of weight loading (min)          Serum urea nitrogen (mmol·L^-1^)               Hepatic glycogen (mg·g^-1^)
  --------------------- ---------------------------------------------- ---------------------------------------------- --------------------------------------------
  Control               18.37±2.36                                     6.04±1.38                                      6.94±1.35
  Model                 9.25±1.31^[▲▲](#t3f2){ref-type="table-fn"}^    11.46±3.25^[▲▲](#t3f2){ref-type="table-fn"}^   4.95±1.16^[▲](#t3f1){ref-type="table-fn"}^
  LBP (50 mg·kg^-1^)    9.42±1.26                                      10.96±2.31                                     5.23±1.21
  LBP (100 mg·kg^-1^)   17.79±2.41[\*\*](#t3f4){ref-type="table-fn"}   7.18±1.44[\*](#t3f3){ref-type="table-fn"}      6.75±1.52[\*](#t3f3){ref-type="table-fn"}

Compared with control.

*P*\<0.05.

*P*\<0.01.

Compared with model.

*P*\<0.05.

*P*\<0.01.

Discussion {#sec1-4}
==========

It is pointed out in WHO "Meeting the challenges in the 21^st^ century" that the medical science should not continue with diseases as the main research areas in the 21^st^ century, but rather human health to be as the main research directions. It will become key issues that correct understanding for the connotation of health, maintaining human health status, intervening sub-health state, and reducing the incidence of disease in the future. To date, many drugs have been developed and applied in clinic for sub-health treatment. However, the effect is not satisfactory. *L. barbarum* has been used as a traditional herbal medicine for thousands of years in China. Its therapeutic activities have been well established in the treatment of conditions such as consumptive disease accompanied by thirst (includes early-onset diabetes and tuberculosis), dizziness, blurred vision, and chronic cough ([@ref12], [@ref13]). And that, it has a good effect on enhancing immunity, and has anti-aging and anti-tumor properties ([@ref14]).

In this study, the sub-health mice were built by compound factors including swimming exercise, sleep deprivation and clamping tail stimulus to mimic the cause and symptoms of sub-health. After four weeks, the model mice showed basic features of sub-health, such as mental burnout, memory losing, physical strength degression, and reduced survival desire. The results indicated that the building model methods with compound factors could affect growth and metabolism of mice.

Growing evidence indicates that excessive exercise could produce reactive oxygen species (ROS) ([@ref15]). Oxidative stress is manifested by an elevation of the lipid peroxidation product such as MDA, and by a reduction of CAT and SOD levels. So, we investigated the potential effects of treatment with LBP against oxidative damage induced on sub-health mice. SOD and CAT are important antioxidant enzymes in the body. The ability for removing free radicals is reflected indirectly by the activity of these enzyme ([@ref16], [@ref17]). MDA is a degradation product of lipid peroxidation, and its quantity is indicative of free radical-induced cell damage ([@ref18]). The experimental results showed that the activities of T-SOD and CAT were increased in high dose group of LBP; however, the MDA level in high dose group of LBP was significantly decreased. It indicated that LBP could enhance antioxidant capacity in sub-health mice, and the effect was better in the high dose group.

Sub-health condition in patients is often associated with weakness in spleen and kidney. In addition, the ability of antibody formation in spleen cells is decreased, and leukocyte migration inhibition index is increased, which leads to declining in immune function ([@ref19]). T lymphocytes are transformed into lymphoblasts after they receive specific antigens stimulation such as ConA. It reflects the level of cellular immune function. Spleen lymphocyte transformation test is a kind of *in vitro* experiment for detection of cellular immunity function, and the conversion of high or low \[a5\]can directly reflect the organism cellular immunity function. The experimental results showed that T lymphocyte proliferation was significantly reduced in sub-health mice. It is suggested that cellular immune function is declined in sub-health mice because of psychological stress response caused long-term restrictions on the activities. After LBP treatment, T lymphocyte proliferation was improved in sub-health mice. It indicated that LBP could effectively improve immunity of sub-health mice. To further elucidate the protective effect of LBP on immune function, in the present study, it was found that the thymus of sub-health mice were seriously damaged, and TUNEL staining further revealed that apoptosis was one of the cell death pathway in thymus lymphocytes. These data contributed a new finding that LBP could protect the immune organ---thymus.

The sugar is the main energy material during the long and high-intensity exercise. A lot of glycogen consumption and the accumulation of urea and other metabolites caused the occurrence of fatigue in body ([@ref20], [@ref21]). At present, the research shows that fatigue is one of the main signs and typical performance for sub-health. Urea nitrogen is the metabolism product of amino acid and protein. Blood urea nitrogen levels will increase significantly when the body is in a state of high movement and high metabolic rates. Furthermore, the body's blood urea nitrogen increased with the increase of the labor and exercise load. In a word, the body's adaptability to the load was worse, and the increase of blood urea nitrogen was more obvious in sub-health mice. The experimental results showed that LBP could improve prolong swimming time in mice, and lower the levels of urea nitrogen. The above results suggested that LBP possessed anti-fatigue effect, but the mechanism still needed further research.

Conclusion {#sec1-5}
==========

To sum up, LBP improved sub-health state in three different ways including increasing antioxidant ability, enhancing the immune function, and relieving fatigue.
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